The effects of structure and morphology on lithium storage in single-wall carbon nanotube (SWNT) bundles were studied by electrochemistry and nuclear magnetic resonance techniques. SWNTs were chemically etched to variable lengths and were intercalated with Li. The reversible Li storage capacity increased from LiC 6 in close-end SWNTs to LiC 3 after etching, which is twice the value observed in intercalated graphite. All the nanotubes became metallic upon intercalation of Li, with the density of states at the Fermi level increasing with increasing Li concentration. The enhanced capacity is attributed to Li diffusion into the interior of the SWNTs through the opened ends and sidewall defects. [5, 6] are shown to undergo reversible redox reaction with electron donors such as alkali metals resulting in a significantly reduced electrical resistivity [5, 7] and electronic work function [8] . The electrochemical reactivity and the porosity make nanotubes, especially SWNT bundles, attractive host materials for energy storage. Molecular dynamic simulation [9, 10] predicted that the alkali metal storage capacity of SWNT bundles is substantially higher than that of the intercalated graphite and disordered carbon, the current anode materials in rechargeable Li-ion batteries [11, 12] . The closed and relatively defect-free structure of the SWNTs, however, makes the interior space inaccessible for intercalation without processing. Experimentally, the reversible capacity was found to depend on the quality and morphology of the SWNT containing materials. The reported values vary in the range of Li 1 1.6 C 6 [13, 14] . The intercalants reside in the interstitial sites of the SWNT bundles [15, 16] .
Recent studies have shown that carbon nanotubes [1, 2] have promising materials properties for a variety of technological applications [3] . Both multiwall [4] and single-wall carbon nanotubes (SWNTs) [5, 6] are shown to undergo reversible redox reaction with electron donors such as alkali metals resulting in a significantly reduced electrical resistivity [5, 7] and electronic work function [8] . The electrochemical reactivity and the porosity make nanotubes, especially SWNT bundles, attractive host materials for energy storage. Molecular dynamic simulation [9, 10] predicted that the alkali metal storage capacity of SWNT bundles is substantially higher than that of the intercalated graphite and disordered carbon, the current anode materials in rechargeable Li-ion batteries [11, 12] . The closed and relatively defect-free structure of the SWNTs, however, makes the interior space inaccessible for intercalation without processing. Experimentally, the reversible capacity was found to depend on the quality and morphology of the SWNT containing materials. The reported values vary in the range of Li 1 1.6 C 6 [13, 14] . The intercalants reside in the interstitial sites of the SWNT bundles [15, 16] .
Here we show by electrochemical and nuclear magnetic resonance (NMR) techniques that the specific lithium capacity increased from LiC 6 to LiC 3 when the SWNTs were chemically etched to short segments. All the SWNTs become metallic upon Li intercalation, with the electronic density of states at the Fermi level, g͑E F ͒, increasing with increasing Li concentration, from 0.022 states͞(eV-spinatom) in pristine SWNTs to 0.043 states͞(eV-spin-atom) in LiC 3 . The observed Li͞C ratio is comparable to the theoretical value [10] and is attributed to Li diffusion into the individual SWNTs.
SWNT bundles used in this study were synthesized by the laser ablation method [17] under the conditions described elsewhere [18] . All the samples were 10%
13 C isotope enriched from 1.1% of the natural abundance. As-synthesized materials were purified by first reflux in H 2 O 2 solution then by filtration. X-ray diffraction and transmission electron microscopy (TEM) measurements indicated that the purified samples contain over 90% SWNT bundles over 10 mm in length and 30-50 nm in bundle diameter. The average SWNT diameter was estimated to be 1.4 nm by x-ray and Raman measurements. The purified SWNTs were processed to shorter bundles by sonication in 3:1 ratio of H 2 SO 4 and HNO 3 solution [19] for 10-24 h. All the samples were annealed at 500 ± C for 1 h at 5 3 10 26 torr vacuum before use. TEM examinations showed that the averaged lengths of the SWNT bundles were reduced to ϳ4 and ϳ0.5 mm after 10 and 24 h of processing, respectively (Fig. 1) .
The samples were electrochemically reacted with lithium using a two-electrode cell with Li foil and SWNTs deposited on a stainless steel plate as the two working electrodes [18] . The amount of Li intercalated into the SWNTs was calculated from the time and the current used. The second-cycle cell voltage versus Li͞C ratio data obtained from the as-purified SWNTs (A) and two etched SWNT samples with the average bundle length of 4 mm (B) and 0.5 mm (C) are shown in Fig. 2 . Similar to the previous reports [13, 14] , the as-purified SWNT A was reversibly intercalated to a saturation ratio of LiC 6 . No distinct redox peaks were observed in intercalation and deintercalation reactions from the derivative plot (dX͞dV vs X, X is the lithium concentration expressed as Li x C 6 ) of the same data (Fig. 2a, inset) . This is consistent with continuous and random filling of the SWNT bundle interstitial sites by the Li ions, as opposed to the staging phenomena observed in graphite [14] .
For the chemically etched samples, the reversible capacity increased to LiC 3 and LiC 2.8 for samples B and C, respectively (Figs. 2b and 2c ). These are twice the value observed in lithium intercalated graphite and as-purified SWNTs. It is worthwhile to note that despite the factor of 10 differences in length, samples B and C have essentially the same capacity. Clear redox peaks appeared at ϳ0.9 and 1.5 V on Li intercalation, and 2.0 and 1. sample C, which has a shorter average bundle length and a much narrower length distribution. The two peaks are not due to Li reaction with H containing functional groups on SWNTs since proton NMR measurement showed that the amount of H in the etched samples is less than 0.2 at. %. It is not likely that the amorphous carbon (a-C) impurity phase contributes to these two redox reactions, because no distinct redox peak was observed in raw SWNT materials which typically contain a higher percentage of a-C than the samples investigated here. We attribute the excess Li capacity and distinct redox peaks observed in the etched samples to Li diffusion into the interior space of the cut SWNTs, either through the opened ends or defects on the sidewalls created by chemical etching. The voltage hysteresis, which is related to the kinetics of the electrochemical reaction, decreased by ϳ0.5 V in sample C compared with sample A. This indicates that a shorter diffusion path or/and a lower diffusion barrier in the etched samples which is consistent with the observation of smaller bundle diameter and length in sample C. The chemical composition and electronic properties of Li intercalated SWNTs were also investigated using Detailed experimental conditions were described elsewhere [13] . Lithium intercalation and deintercalation were carried out using the galvanostatic mode at 50 mA͞g current between 0-3 V. and 7 Li NMR techniques. Samples were prepared by mixing of LiBH 4 and SWNTs at the Li:C molar ratio of 1:6 and 1:3, [20] . SWNT samples A (as-purified) and C (etched, with the average bundle length of 0.5 mm) from the same batches as the materials investigated by electrochemistry were used. For sample A, the composition of the Li-SWNT phase was determined to be LiC 5.7 and LiC 5.560.7 when the molar ratio of Li and C (SWNT) used in the reaction was 1:6 and 1:3, respectively (Table I) . This indicates unambiguously that there is a distinct saturation phase with the Li͞C ratio of LiC 6 for SWNTs with an enclosed structure. For sample C, the composition of the Li-SWNT phase is determined to be LiC 3.2 when the Li:C molar ratio used in the reaction is 1:3, twice the value observed in sample A ( Table I ). The NMR results from samples made by the solid state reactions are consistent with the saturation Li͞C ratios obtained from the electrochemical measurements for the as-purified and the etched SWNTs. Figure 3 displays the 13 C nuclear spin-lattice relaxation (NSLR) curves of the SWNTs before and after Li intercalation measured at room temperature and at 9.4 T. As previously reported [18] , the saturation recovery curve M ‫ء‬ ͑t͒ 1 2 M͑t͒͞M͑infinite͒ (M is the magnetization of 13 C nuclei) of the pristine SWNT sample can be fit very well with a double-exponential function:
with fitting parameters a 0.33 1 0.07, T 1a 12.0 1 0.5 s, and T 1b 99 1 2 s. The fast-relaxing component (33% by mass) is attributed to the metallic SWNTs with an estimated g͑E F ͒ of 0.022 states͞(eV-spin-atom) while the slow-relaxing component (67% by mass) is attributed to the semiconducting SWNTs [18] . As shown in Fig. 3 , the 13 C NSLR curves of the LiC 6 and LiC 3 phases from the SWNT samples A and C can be fitted with a single-exponent function with fitted T 1 of ͑6 6 0.5͒ s and ͑3.2 6 0.3͒ s, respectively. Assuming the same hyperfine-coupling constant for SWNTs before and after intercalation, the g͑E F ͒ of the two samples are estimated to be 0.031 and 0.043 states͞(eV-spin-atom), respectively (Table I ). Figure 3 also shows that the 13 C NSLR curves from sample A with the nominal composition of LiC 3 and LiC 6 are the same. This confirms the Li-SWNT phases in the two samples have the same chemical composition (LiC 6 ) despite the different Li͞C atomic mole ratios used for the reaction.
The factor of 2 increase in the Li uptake in the etched SWNTs is attributed to Li filling of the interior space of the SWNTs, in addition to the interstitial sites within the bundles. In contrast to the as-purified SWNTs with 13 C nuclear spin-lattice relaxation (NSLR) curves measured at room temperature and at 9.4 T. The curve from the pristine sample (filled diamond) can be fitted with a doubleexponential function with the respective relaxation time of 12 and 99 s. The fast-relaxing component (33 wt. %) is attributed to the metallic SWNTs while the slow-relaxing component is attributed to the semiconducting SWNTs. The NSLR curves of the LiC 6 (as-purified SWNT, filled triangle) and LiC 3 (etched SWNT, open circle) samples can be fitted with a singleexponential function with the respective T 1 of 6.5 and 3.2 s, respectively. The nominal LiC 3 (as-purified SWNT, cross) has the same NSLR curve as the LiC 6 (as-purified SWNT, filled triangle) sample with a T 1 of 6.5 s.
closed ends and large aspect ratios, Li can diffuse into the etched tubes via the open ends and possibly sidewall defect sites created by oxidation. The high Li uptake is consistent with our previous observation of enhanced Li͞C ratio in ball-milled SWNTs where the nanotubes were fractured [21] .
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